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ITATIOmL ADVISORY COMITTEE FOR AEROIIAUTICS 



ADVAilCE RESTRICTED REPORT 



A METHOD FOR V/ELDIliG SHEET ALUMIIIUM TO 



SAE klkO STEEL 



By W. E. Hens and E. E. Nippes, Jr. 



SIM^ARY 



This investigation involves a stud;;/- of a lar^^e variety of 
different metals used as an intermediate metal "between aluminum 
and steel for the purpose of securing a good "bond hoth from the 
viewpoint of strength and thermal conductivity. 



The principal result of this investigation was that it was 
found possilDle to secure a satisfactory "bond "betv/een aluminum and 
steel hy electroplating the steel with a layer of silver of proper 
thickness. The welding equipment v/as then used to make a proper 
"bond "between the aluminum and the silver plating. In order to 
effect this loond it v/as found desiratle to secure a heat lialance 
"by means of a high resistance insert "between the electrode and 
the aluminum* A very important part of the iDrotlem vrhich was 
properly solved "by the method Just mentioned was the effect of 
the welding operation upon the properties of the steel. The steel 
used in aircraft cylinder iDarrels, "being of a very hardcnahle 
variety, would "be damaged severely in its physical properties if 
it were necessary to make the "bond between the al-ajninum and the 
steel at a temperature alDove the austenitizing temperature of the 
steel. 



Another important part of the investigation includes the 
study of the "best possiMe electroplating techniq^ue for securing 
"bonds of maximum strength "between the plated metal and the steel. 
Electroplating procedures were very carefully studied and optimum 
conditions developed for the plating of "bonds of maximum strength 
upon steel. The results of this phase of the investigation may 
"be of value in other prolDlems. It should also "be pointed out tha,t 
the method of joining aluminum to steel herein developed, should 
"be of importance to the solution of any pro'blem involving the v/eld- 
ing of aluminum to steel v/here strength is the primary consideration, 
whether or not thermal conductivity is important. 
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irTRODUCTIOH 



The posjjibility of increasing the horsepower out-nat of 
aircraft engines iDy improving the cylinder cooling, has raised 
the problem of welding fins of material of high thermal con- 
ductivity to steel cylinders for aircraft engines. The specific 
problem herein studied involves the welding of half-hard 3S 
aluminum fins to S^*^ HlUO steel cylinders. 

The problem involved in this investigation involves not only 
the bonding of aluminum to steel but also the problem of making 
this bond at a temperp.ture sufficiently low to avoid damage to 
the heat-treated steel. The natural tendency of aluminum and 
steel is to form very brittle compounds when fused together. If, 
during the making of the bond between aluininuin and SAS klkO steel, 
the temperature goes above the austenitizing temperature of the 
steel, the rapid quench following the welding operation vrill result 
in extremely hard and brittle structures in the SaE klkO steel. 
Thus, the problem was complicated by two sources of cmbrittlement, 
the formation of iron-aluminum compounds and the formation of a 
martensitic stmicture in the steel* 

Early experiments by other investigators and confirmed in 
this laboratory, showed that the seam welding of aluminum fins 
directly to SAE UlUO steel cylinder barrels v/as unsuccessful 
because of the difficulties mentioned abovc<, 

In order to overcome the difficulty of v/elding Pvluminum 
directly to steel, the idea of using a third metal between the 
aluminixm and steel was investigated. It was hopped that a third 
metal v/ould be found which v/ould alloy sufficiently with steel 
and aluminum to permit the production of a strong bond between 
them but v/ould prevent the combination directly of aluminum and 
steel which v/ould result in the formation of brittle compounds. 
In a recent group of experiments (reference l) the insertion -of 
a third metal in the form of a foil betv/een the aluminum and the 
steel was tried in the effort to prevent the formation of objec- 
tionable iron-aluminum compounds. It was found that with certain 
metals such as silver, more ductile i^elds were obtained^ but that 
the conditions for obtaining such a bond were very critical, ov/ing 
to the difficulty of simultaneously welding aluminum to foil and 
foil to steel. In order to overcome this difficulty, it appeared 
necessary to completely o.bsorb the foil in the aluminum* To 
accomplish this it was necessary to heat the aluminum above its 
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melting point for so lon^ a time that it vras almost impossilDlo to 
avoid melting the alumimim through to the oat side surface* This 
result pointod to the necessity for using thinner and thinner foil, 
v.^hich Dccame difficult to handle^ 

The difficulty of iDonding aluminum to foil and simultaneously, 
foil to steel, indicated the desiraTDility of ootaining one of the 
"bonds outside of the welding machine. Since some companies were 
already making aluminum coated steclj it was decided to tirr v/cld- 
ing aluminum fins to aluminum coated steel. It proved to Idc a 
simple matter to wold the aluminum fin material to the aluminum 
coated steel* However, the strength of the "bond hetv/een the coat- 
ing and the steel was so low that the fin material pulled the coat- 
ing away from the steel in a "brittle manner. As a result of the 
exTQcricnccs dcscrilDed abovej it was decided to undertake the present 
investigation hased on the experience gained in the previous tests, 
namely that a third metal is necessary for the proper "bonding of 
aluminum to steel, and to make use of electroplating as a method 
of tending the third metal to the steel surface in preparation 
for suh sequent welding of the aluminum fins to this surface^ 

Per the sake of simplicity this investigation was divided 
into three parts. The first of these war. the general problem of 
bonding aluminum to steel through the use of an intermediate 
electro-deposited metal. Tlic next part of the problem involved 
the study of the possibility of making a bond at a temperature 
below the austenitizing temperature of the cylinder barrel steel. 
If this were possible, the bonding process could be accomplished 
without metallurgical d-amage to the steel. The third phase of 
the problem was considered to be the development of a laboratory 
setup by which an actual cylinder barrel could be covered with 
fins bonded in accordance with the orinciples and practices 
developed in this investigation. 

The report has been divided in tv/o sectionsS the first 
discussing the bonding of aluminum to steel, and the second, the 
welding of aluminum to chrome-molybdenum steel v/hich includes 
both the avoidance of hardening and the scam welding problems* 

This investigation, conducted at the Rensselaer Polytechnic 
Institute, was sponsored by, and cond.ucted v/ith financial assist-* 
ancc from, the ITational Advisory Committee for Aeronauticse 



AimiYSIS MP Discussion OP PROBLEM 
I. 30KDI1^& OF ALUMINUM TO STEEL 
Metallurgical Considerations 

IntcrfcrGncc of the oxidc > - Duo to its high heat of oxide 
formation, aluminum oxide is alwavs present to a greater or less 
thickness on the surface of aTuniinume This oxide v/ould tend to 
prevent the alloying action of aluminim with iron and would pro- 
duce oxide inclusions in the weld. If the steel were heated in 
air to the melting temperature of aluminum, the surface of the 
stool would become oxidized. This oxide would cling to the steel 
and would te difficult to flux and float off as the stool v/ould 
remain solid during the welding operation. This oxide vrould thus 
prevent complete and satisfactory alloying and as a result a "bond 
which has low strength and low thermal conductivity would Tdo pro- 
duced. In order to prevent oxide formation on the steel, a process 
such as seam or spot v/clding must Tdo used. A process such as this, 
hov/ever, demands materials of consistent electrical surface contact 
resistance, and thus the nature and thickness of the aluminum-oxide 
film must Tdo carefully controlled. 

The nature of the alloys of iron and aluminum . - If the oxide 
on the surface of the aluminum is adequately al^sorted in the molten 
mass of aluminum during the welding operation, aluminum will alloy 
v/ith the surface layers of the solid iron^ Owing to the fact that 
the diffusion of aluminum into solid iron is relatively slow com- 
pared with the diffusion of iron into molten aluminum, a large 
amount of high aluminum, lev/ iron alloy v/ill "be formed compared 
to the amount of low aluminum, high iron alloy. According to the 
iron-aluminum equilibrium diagram (see fig. 1, also reference 2), 
this v.dll result in a large amount of confound formation as the 
high aluminum, lo^,' iron alloys contain the compounds EeAls , 
EeAlg, and Ic^Al^. Since these cornroounds are brittle in char^ 
actor, the resulting wolds are likely to "be "brittle. Actual 
tensile testing of the welds, however, is the only practical way 
of evaluating this brittleness. As only small amounts of aluminum 
diffuse into the steel and since the aluminum is soluble in the 
alpha solid solution up to 33'^PG^<^^3it aluminum^ there is likely 
to be little danger of brittle alloy formation in this region du3>- 
ing the welding operationo However, when the cylinder is placed 
in operation, the ordered lattice Pe3Al, may form. The effect 
01 this formation would be to strengthen the metal and decrease 
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its ductility, "but as far as this influence is concerned, it will 
"be negligilDle conrpared with the effect of the brittle phase forma- 
tions occurring in the high aluminum alloySf, 

The need for a third metal > - As the difficulty with iDrittle- 
ness occurs in the aluminum- steel welds, the introduction of a third 
metal "between the iron and aluminum may be utilized to eliminate 
this difficultyo Various types of alloy may "be triedo These typos 
may Tdo classified as mutually soIuTdIo in iron and alurrdnum. soluble 
in either iron or alumin-um, and insoluble in iron and aluminum. 
The solubility of tv;o component alloys may be determined from the 
binary diagrams appearing in Hansen (reference 2), while the ter- 
nary alloys on the v/hole have not been investigated but may be 
estimated by considering the binary/ alloy diagramsc As solubility 
is influenced b^^ temperature and phase changes and since the 
solubility at the welding temperature, that is, the molting point 
of aluminum is of greatest interest, the third metal will be classi- 
fied as to its solubility in the range of 1200^ P as v/cll as at 
room temperature* 

Tin. - ITo third met.?.l shows complete solubility in both iron 
and aluminum but tin is one of the closest approaches to this sit- 
uation. Although tin and aluminum are completely insoluble in 
each other at room temperature, they are mutually soluble in the 
molten state, that is, at 1200^ I. About 19-perccnt tin is soluble 
in alpha iron at 1200 F<» This means that tin can diffuse into the 
iron and a good bonding action can be expected without any det- 
rimental effects being produced. About 2-perccnt iron is noluble 
in tin at 1200^ F while the structure from 2- to 19-pcrcent iron 
consists of molten tin solution and solid FeSnso This means that 
v/hen some of the iron diffuses into the molten tin and reaches the 
saturation limit, PoSng v/ill form at the iron-aluminum interface. 
This action v/ill effectively prevent further iron diffusion into 
the molten tin but may produce a brittle weldo As the tin layer 
between the iron and aluminum is likely to be very thin, the iron 
and aluminum will both dissolve in the molten tin and will come in 
contact with each other. This may lead to the formation of an 
iron-aluminum compound and thus a brittle weld* Hov/ever, if the 
thickness of the tin is sufficient and the diffusion rates slow 
enough, this action will not occuPo 

Zinc, Zinc is sim.ilar to tin in many respects and, in 
general, the diagra^ms shov/ about the same structura.1 features* 
Zinc forms two compounds v;ith iron^ Both of these compounds are 
knov/n to be brittle and thus a brittle v/eld v/ould bo e:Dpected« 
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V/liilc "both tin and zinc are mutually soluble in iron and aliiminum, 
they both tend to form "brittle compo\mds and as a result the brit- 
tlencss of a weld may be due to the formation of these compounds 
rather than the formation of an iron-alumini.u.i comroound in the 
mass of the tin or zinc. In viov/ of this frxt, a mutually soluble 
metal which is free from compound formation should bo tried, but 
none exist and thus tin and zinc are typical possibilitiese 

SilvcTc - Silver is typical of alloys v/hich are soluble in 
aluminum but not in iron, as is shown in the constitutional dia- 
grams. (See figs. 2 and 3.) At IPOO^ F silver is completely 
insoluble in iron and vice vcrsc?.o Also at this temperature, 
aluminum and silver allovs from 20- to lOO-percent aluminum are 
in the molten state and corarolotoly solublco On decreasing the 
alumin^om content below 20 percent, the molting point of the alloys 
rapidly rises until the melting point of silver at 1761^ F is 
reached* On v/olding these alloys, no alloying action would occur 
bctv/een the iron and silver, but the aluminum v/ould be expected 
gradually to vrash and diffuse silver into the molten aluminum. As 
the pure silver will remain solid during the welding, only small 
amounts of aluminum will be able to dissolve into the silver since 
the diffusion rate through a solid state is extromcly slow.^ As 
a net result, if the welding tine is extremely short and the silver 
layer reasonably thick, the aluminum v;ill not completely dissolve 
the silver film nor reach the iron interface and thus there is no 
danger of the formation of a brittle iron-aluminum phasoo This 
silver bond should have excellent thermal conductivity since 
silver is a good thermal conductorc The strength of the bond 
depends entirely upon the bond betvreon the iron and silver. As 
the bonding strength between tv/o grains of the same phase and 
grains of different phases has not been definitely established, 
the bond may be very strong and if so, this should be a verj^ 
satisfactory method of bonding steel to aluminiim, 

Co-p'oer p - Copper also lies in this same class v/ith silver, 
although there is some solubility of iron in copper and vice versa. 
The range of solubility of copper in aluminum is more limited, 
aluminum and copper alloys at 1200^ F are soluble in the liquid 
state from UO- to 100--percent aluminum. On decreasing the alu- 
minum content belovr ^0 percent, the melting point of the alloys 
increases until the melting point of copper is reached at 19S1^ 
On welding these alloys, as v/ith silver, no alloying action would 
occur botv/cen the iron and the co-opcr but the molten aluminum 
v/ould dissolve the copper gradually. Since the copper remains 
solid during v/elding, the formation of brittle iron-aluminur.i com- 
pounds is avoided as v;as explained in the case of silver. However, 
formation of the brittle theta phase CuAlg is likely to give 
brittle v/elds. 
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Jickcl . - Although nickel and iron forn either the face or 
tody centered solid solutions at 1200^^ F, since the nickel remains 
nolid during the welding, its case is similar to that of coppero 
llickel^ hov/evcr, is soluble in the liquid state only from 9^ to 
lOC-percent aluminum at 1200^ P. As with copper, brittle phase 
formations arc likely to occur in the nickel-aluminum alloys. 

Chromiiom , - Chromium at 1200^ F forms a continuous solic?. 
solution with iron, while it is practically insoluble with alu- 
minum. However, in the range from 79- to 99»S"*PG^cent aluminum, 
two phases; melt and Al^Cr exist above 1222*^ Here again, 
the formation of brittle iron-aluminum phases is avoided since 
the chromium docs not melt during the weldings However, the forma- 
tion of brittle chromium-alijTiinum phases is likelyc 

Cadmium ^ - lie metal is completely insoluble in both iron and 
aluminum. Cadmium, hov;ever, approaches this better than most 
metals and thus v/ill be considered as typical of this class. At 
1200 P molten cadmium has no solubility in iron and vice versa. 
A compound Cdgl'e, however, is possible in this system. Cadmium 
and alumimjim arc completely insoluble with respect to each other 
up to 1200^ P. Above this temperature, the alloys are completely 
molten but exist as insoluble liquid phases of a 5"*porcent cadmium- 
95^percent aluminum alloy and pure cadmium* As the temperature 
rises, those compositions remain more or less the same until v;cll 
o-bovc the temperature range of interest in this vjclding process. 
On welding these alloys, cadmium and alui.iinum would both melt but 
the diffusion of aluminujn into cadmium will not take' place. Molten 
e.luminum, hov/ever, vdll dissolve up to 5-pGrcent cadmium. This 
v/ould aid in assuring a good bond as it v/ould tend to move the 
cadmium- aluminuT-i interface away from its original position where 
a thin layer of aluminum oxide exists as a diffusion barrier and 
a plane of v/ealoiess* If the cadmium plate is thin or the v;elding 
electrode pressure excessive, the cadmium may be completely dis- 
solved in the aluminum or be pushed av/r-y from the v;eld region. 
This therefore v;ould result in the alloying of iron and aluminum 
and the production of a brittle wold. 

Experimental Procedure 

Q-cneral as-pects . - Since an adequate supply of SAP hlkO was 
not readily available or absolutely necessary for a stud^r of this 
problem, a low carbon, rimrdng steel was selected for the study of 
the general problem of bonding aluminum to steel. As 3S half-hard 
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almninun was to to used as the fin notal, this material was 
selected as representative of aluininun and its alloys. The in- 
creased strength of the half-hard material over the annealed 3S 
stock insures ajuplc rigidity and resistance to deformation in 
service* 

The introduction of the third metal was accomplished by 
clectroplatingo The use of nctal foils instead of electroplating 
v;as tried previously (reference l), but the possibility of oxides 
on two interfaces and the difficulty of thin foil production and 
handling, compared to plating, made the plating method seem much 
more practical. 

Scam welding of the fins to the chrome molybdenum cylinders 
is the ultimate goal of this process. However, many variables arc 
difficult to control in a seam-v/elding operation and thus spot 
welding was selected for use in the study of the bonding problem. 
'.Voiding pressures, currents, and times were investigated for the 
various metal plates and plate thicknesses. The character of the 
resulting welds was investigated by a tensile tost and the amount 
of fusion in the aluminum determined by a quick section test. 
Thermal conductivity tests have not been made up to the present 
time, but it is felt that if the weld has good strength, an in- 
timate metal contact must exist. This intimate contact v/ould thus 
insure a good thermal bond since the thickness of any alloy or 
third metal v/hich is used to aid bonding is practically ncgli,;^ible. 

Pro-paration of the steel for electroplatin g. - Steel specimens 
of 0.037-inch automobile body stock were sheared into sections k 
by 1 inches. These specimens were then straightened in a vise and 
degreased by boiling in a saturated solution of trisodium phosphate 
for 10 minutes, washing in boiling water, wiping with a clean towel, 
rinsing for 5 ninutes in carbon tetrachloride, and drying with a 
clean towel. The specimens were further prepared by pickling in 
50-percent concentrated hydrochloric acid for 1 minute, rinsing in 
cold v/ater, drying with a clean tov/cl, flash pickling in 50-perccnt 
concentrated hydrochloric acid, rinsing in cold water, and drying 
with a clean tov/cl. These Sjoocimens were then iromediately plated. 
If the specimens could not bo plated immediately, they were stored 
in a desiccator and flash pickled in 50-percent concentrated hydro- 
chloric acid prior to olating. 

Electroplating techniques c. - Methods for the production of 
strongly adherent deposits of tin, zinc, silver, copper, nickel, 
chromiur.1, and cadmium v;ere studied. Those are described in the 
following paragraphs. Various thiclaiesses of plates on the steel 
wore made by variation of the plating time^> 
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(1) Tin lolatiri;? . - A sodiaTn stannatc TDath (reforcnco 3) was 
used to tin plate the stoclc This "bath consisted of; 

NasSnOs X 3^^aO - 75 grams per liter 

Fa OH - 6 grans per liter 

ITaC-cjHsOg - 12 grans per liter 

K2O2 (3 percent) - k nillilitors per liter 

This "bath operates satisfactorily under the following conditions^ 

Bath temperature - 165^ F 

Anode current density - 25 amperes per square foot 
Cathode current density - 25 to 3O amperes per squr.re foot 

The control of the anode current density is quite important in 
this "bathe If the anode current density is too low, little or 
no oxygen is produced at the anode and an apprecial^le amount of 
tin is dissolved in the stannous state. The presence of excessive 
stannous ions in the "bath produces unsatisfactory deposits. The 
solution should possess a light gra^'- to light straw color. Stan- 
nous ions readily turn the color of the "bath to a "brov/nish-lDlack. 
The addition of hydrogen peroxide v/ill immediately'' correct this 
difficulty "by oxidation of the stannous tin to the stannic forme 
If inadequate hydroxide is in the solution, the anodes coat over 
with oxide and the solution is depleted of stannic ions v/ith the 
resulting loss in plating efficiency. Tlic proper hydroxide "balance 
is r.aintained "by addition of sodium hydroxide or acetic acid. Too 
high caustic content will promote unsatisfactory deposits "by caus- 
ing the stannous ion content to rise. 

(2) Zinc -olating o - The zinc plating "bath (reference k) v/as 
of the alkaline cyanide ty^o and consisted of: 

ZnO - grams per liter 
ITaClI - fh grams per liter 
ifeOH - 15 grams per liter 

The "bath was operated under the follov/ing conditions: 

Cathode current density - I5 amperes per square foot 
Bath temperature - 115^ F 

In a-lkaline plating solutions 5 zinc may lie found either as 
sodium zincate STagZnO^ or the double cyanide lMagZn( CIT)^. Per 
"best results a mixture of these tv/o salts is desiralDlCo Zinc 
oxide and sodiura c^/'anide react as follov;s: 



2ZnO + UHaCN--- .)lfe2Zn02 4- ilagZnCciT)^ 
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The plating solution, which is a high alkali "bath, contains 
le51^ total cyanide, 1*3^ total alkali, and loOil zinc and honce 
may "bo considered as containing Oc'J3'^ Na^-ZnC 011)4, 0,251^T ITaaZnO^, 
and O^SN free ITaOH* 

(3) S ilver plating , - If a steel article is immersed in the 
regular plating tath, a loosely adherent silver plate forms ty 
replacement. In order to avoid this difficulty, the steel must 
first te plated for a short time in a strike solution. The strike 
solution has such a low concentration of silver that no plate forms 
upon simple immersion*, After striking, plating is continued in the 
regular plating "bath* (See references 5 s-^cL 6c) 

In the regular plating "bath the metal content is furnished 
"by the double cyanide KAgCci^s* Excess free cyanide is maintained 
•and is helpful in increasing conductivity, throv/ing power, and 
anode corrosion. Potassium. carlDonato also increases the con- 
ductivity of the solution. 

Car"bon disulphide iv^, used in "baths as a "brightencr and as such 
only a trace is req^uired. Nothing much is knov/n of the action of 
this addition agent -except that its use results in finer grained 
c-nd denser deposits. 

The strike solution had the following composition: 

AgCl - 1.5 grams per liter 
HaClT - 110 grams per liter 

It vras operated under the follov/ing conditions S 

Cathode current density - 20 amperes per sq.uare foot 
Bath temperature - 70^ to 20^ P 

Time of plate - 20 seconds 

The plating "bath which was used had the follov/ing composition: 

AgCl - 39 grams per liter 

KCrl 70 grams per liter 

K2CO3 - 38 grams per liter 

CS2 - 0r9 milligram per liter 

It was operated under the follov/ing conditions: 

Cathode current density - 6 ar.Tperes per square foot 
Bath temperature - 70^ to gO'^ ? 
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(4) Cop-Qor -folat inff> - The copper plating "bath (reference U) 
v/as of the alkaline cyanide type and consisted of: 

CuCH - 22.5 grams per liter 
ilaClT - 3U grans per liter 
ITagCOs - 15 grans per liter 

The "bath was operated under the following conditions* 

Cathode current density - 10 amperes per squa,re foot 
Bath temperature 95^ to lOk^ P 

In the a.lkaline copioer "baths, the main constituent is sodium 
cuprocyanido iTagCuC 011)3 containing copper in the cuprous state* 
The "bath previously dcscrilDed contains as active agents CuClT 
and O.65J UaCiT and hence may be considered 0,25il ITaaCuC 011)3 and 
0.15iT "free cyanide^" The addition of sodium carbonate "1^2003 
decreases the tendency for the cyanide to decomposer 

(5) Nickel -plating * - The nickel plating bath (reference U) 
v/as the ^'single salt solution" and consisted of: 

i:iS0 4 X 7K2O - 105 grams per liter 

ifH4Cl - 15 grams per liter 

ITiOls X 6K2O - 15 grams per liter 

H3BO3 - 15 grams per liter 

This bath v/as operated under the follov/ing conditions: 

Cathode current density I5 amperes per square foot 
Bath temperature - SS^ to S5^ P 

pH - 5-3 

The iTiS04 X 7H2O provides the nickel ion, 119:401 and 
HiOlg X 6H2O increase the conductivity of the solution and promote 
anode corrosion, v/hilc the H3BO3 acts as a buffer, I'/hen the pH 
of the bath rises, say to 6, deposits are dark and arc likely to 
curl. On the other hand, if the pH drops, say to the deposits 
arc bright, pitted, and cracked* 

(6) Chromium -elating , - The bath used for chromium plating 
(reference k) consisted of: 



Or03 - 250 grams per liter 
H2SO4 - 2*5 grams per liter 
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The plating was done at 125^ P with the following procedure: 

(1) Hcvcrsc plate (specimens anodic) for 10 seconds v/ith 

current density of 320 amperes per square foot 

(2) Pla.te for 1 rr.inute at 200 amperes per square foot 

(3) Finish plating at 3^0 amperes per square foot 

The improvement in plating chromiui.i on steel "by m?-king the 
specimens first anodic has "been explained in several ways* In 
one explanation, its anodic action is thought to render the steel 
surface passive, while in another explanation the surface impuri- 
ties such as carton are thought to Tdo removed "by the oxidizing 
action. 

The use of lov/^current density for the first minute of plating 
v/as found to improve the appearance of the plate. Past experience 
has shown that the cliaracter of a chromium plate is determined "by 
the first moments of plating. 

(7) Cadmium -olatinr^: . - The cadmium plating liath (reference U) 
was of the alkaline cyanide type and consisted of: 

CdO - 32 grams per liter 
7aCW - 75 grams per liter 

Its operating conditions v/erc: 

Cathode current density - kO amperes per square foot 
Bath tonTperaturc - 70^ to SO*^ P 

In alkaline plating solutions, cadmium is found as the double 
cyanide iTaCd( 011)3. Baths usually contain appreciable amounts of 
free cyanide and alkali. Cadmium oxide and sodium cyanide react 
as follows: 

CdO + 3mClT + H20_>lIaCd( 011)3 + 21TaOH 

Cadmiura, unlike zinc, does not react v;ith sodium hydroxide. 
The plating solution previously descrihod contains 0.5^T cadmium 
and 1.511 sodium cyanide and hence may he considered containing 
0.511 lfeCd( 011)3, 0.751T free HaClT, and 0.51J free ITaOH. 
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P reparation of t he alumimim for wGlding o - 3^ half-hard 
specimens of 0*OUO-inch stock were sheared into 1- "by 3*'i^ch 
sections and straightened in a vise v/ithout marring the surface* 
As stated before, aluminum oxide, owing to its high heat of forma- 
tion, is always found to a greater or less extent on the surface 
of aluminum. This oxide film, v/hich would cause poor metallur- 
gical "bonding conditions, should *be removed. Although this film 
cannot l)e completely removodp its thickness was greatly reduced ty 
chemical methods* 

In this chemical method (reference 7)9 "^^^ specimens arc 
dcgrcased by a 5-i^ii^^te treatment in a 130*^ P cleaning solution 
containing 3 ounces of Oakite aviation cleaner per gallon of water. 
After rinsing in hot water, a consistent oxide film is produced 
ty a 5-'minute treatment in a ISO*^ P treating solution containing 
6 ounces of Oakite S^-a cleaner per gallon of v/ater« This treat- 
ing l)ath contains sodium-acid sulfate as an oxide-removing agent 
and organic comroounds as wetting agents. The effect of this "bath 
in producing an aluminum surface which will possess consistent 
contact resistances v;as studied^ 

All contact-resistance measurements were made in a hydraulic 
press equipped v;ith ^4— inch-radius dome welding electrodes, as 
illustrated in figure U« Pressure, v;hich was maintained at 1000 
pounds, was measured "by means of a cali"brated spring. Resistance 
measurements were made with a Kelvin douhle "bridge, as illustrated 
in figure 5» v/as found that consistent contact resistances of 

approximately 100 microhms were o"btained "betv/eon two O^OUO-inch 3^ 
half-hard sheets treated for 5 m.inutes with Oakite SU-a, The 
results of these tests are shown in ta'ble I and figure 6c It is 
noticed that contact resistance falls during the first minute of 
treatment as the original oxide layer is dissolvede Then, for 
several minutes, the contact resistance remains constant and 
finally rises cagain, ov/ing to another film forming on the surface* 

Spot welding , - The concentration of heat at the iron-alur-iinum 
interface is a major prolDlem in this spot-v/elding investigation. 
Another pro"blem of major importance when spot welding aluminum to 
steel is the question of electrode indentation. In the region of 
the melting point3 al-uminum is weak and thus, if flat tips are 
used, severe indentation occurs on v;eldingc In order to eliminate 
this effect and concentrate the development of heat in the alu- 
minumj a U-inch- radius dome was used as the aluminum welding elec- 
trodCi. In order to minimize heating of the steel, which for higher 
coTlDon and alloy steels might result in oTd jectiona"ble hardening, a 
flat electrode was used against the steol to reduce the current 
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density in tho stool. One of tho ob jcctionalDlo features of weld- 
ing aluminum is the pickup of alumin-^am v;hich occurs on the v/olding 
electrodes c Periodiccalljr, for ex?-mple every 50 welds, this pickup 
must Tdo removed. The use of No. 2^0 emery cloth has "been found 
to "be the most satisfactory m.ethod of cleaning the electrodes. 
When the piclcup "becomes severe, the electrodes must "be remachinod* 

Welding was performed on a Tcderal 175~'kilovolt"-ai:ipere spot 
welder having a- turns ratio of SOsl. The primary voltage was 
maintained at 350 volts, v/hile the magnitude and length of current 
flov; was controlled by a tliyratron control panel. Primary currents 
v/ere measured "by a pointer-stop ammetcro Electrode pressures v/ere 
adjusted and controlled "by pressure control of the air to the bel- 
lows of the v/elding machine. 

IVhen a set of specimens was welded, a rough evaluation of 
tho v/elding heat vras made "by investigating the amount of fusion 
produced in the aluminum* After determining the range of currents 
to be used, v.^elds v;ero made a,t various intormediate currents and 
each current v;as measured by the pointer-stop am-..ietero Tvro addi- 
tional similar sets of welds were made, giving three specimens 
made under identical conditions but not in immediate succession. 
This process tends to minimize the effect of a small amount of 
picloip on the v/elding electrode in contact with the aluminum and, 
at the same time, provides three specimens for tensile testingc 

Testin/r of v/elds . - The v/elded strips of aluminum and iron 
v/ere pulled in Templin grips on a 60,000-pound Southv/arlc-Emer^/' 
hydraulic testing machine using the 5000-pound testing dial. A 
testing rate of 0.06 inch per minute was used. I'/hen the ultimate 
strength v/as observed, the load was released and the character of 
the failure noted. Failures were classified as "ductile tear," 
"ductile shear," or "brittle shear." In a ductile-tear failure, 
the weld failed by pulling a plug out of tho aluminum sheet. A 
ductile-shear failure occurred v/hen the weld interface failed but 
not until considerable bending of the alur.iinum sheet had taken 
place. If the v/eld separated at tho interface with little or no 
bending of the aluminum sheet, the type of failure v/as termed 
"brittle shear." 

Tlie extent of fusion was then determined by tho q.uick sec- 
tion test. This test involves sectioning the weld with a sav/, 
filing a smooth surface, and etching the surface from 1 to 3 
minutes in a solution of 1.5-pcrcont hydrofluoric acid. This 
etching reveals the outline of the fused aluminum nugget as is 
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shown in fi^rc 7» ^ photomr-crograph ^.t An evalur.tion of the 

nug.^ct size is made estimating the percent penetration of the 
fused region into the aluminum sheet, which has teen designated as 
nugget penetration* 



Discussion of Results 

Welding varialplcs o - There are five varialDles which must Tdo 
estalDlishod in this spot-welding investigation: electrode pres- 
sure, welding time, welding current, the third metal, and the 
thicloiess of the third metalo 

Generally, it was found that electrode pressures of over 1000 
pounds resulted in too mch indentation in the aluminum sheet. On 
the other hand, electrode pressures of less than 600 pounds gave 
very erratic results as determined l^y tensile and quick-section 
tests, 5^or these reasons, the electrode pressure was standardized 
at 200 pounds. 

Since scam welding would "bo the final application of this 
investigation, the shortest satisfactory welding time v/ould "be of 
the greatest interest. On the other hand, very short welding 
times would have more of a tendency to heat the steel above its 
critical temperature. This results from the f?.ct that a large 
portion of the heat is developed in the steel and this heat must 
Tdc conducted to the aluminum^ In order to obtain the same amount 
of fusion in the aliminiim in hoth a short and long time weld, ap- 
proximately the same amount of heat must "be developed. Wcicn this 
heat is developed in a much shorter time, higher temperatures v/ill 
"be reached in the steel. In order to strike a satisfactory balance, 
10 cycles v/ero chosen as the v/elding time* 

The current used in the v/elding operation influences the 
amount of fusion in the aluminum sheet. In all cases, current 
was controlled "between tv/o critical values; a current which just 
produced fusion in the aluminum and a higher current v/hich pro- 
duced 100-percent fusion, in which the aluminum v/as fused com- 
pletely through from steel to electrode. In the final application, 
as low a current as v/ill produce satisfactory v/elds should "be emr- 
ployed since this v/ill lessen the danger of heating the steel 
above its critical temrperature and reduce the aluminum pickup 
on the electrodes, 

Welding of aluminum to tin-'olated steel . - In v/elding of tin- 
plated steels to alumin-^am, four trends were disclosed: 
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(1) Tin plating docs not incrcaco the strength and ductility 

of the iron-caliiminuLi "bond* 

(2) Only "brittle shcaj: type failures occur. 

(3) >fiicn shear type failures occur, consistent strengths 

p-rc not olDtaincd. 

(U) For a given plate thickness, higher currents and thus 
larger nuggets produce greater strength. 

Per various tin-plate thicknesses, the effect of current on 
the spot shear strength, nugget penetration, and type of failure 
is shovm in taMe II and figure S. The type of failure designated 
as BS indicates a "brittle shear failure, and DS and DT, v/hile 
not encountered in the testing of tin-plcated specimens, indiccate 
ductile shear and ductile tear failures, respectively. 

As the nugget penetration increased, the spot shear strength 
increased as indicated in the datr of tatlc III, for a 0.125-nil 
tin-plate thiclaioss. The average values of the spot shear strength 
at 20-, i|0-, 60- , CO-, and 100-porcont nugget penetration vrerc 
obtained graphically from these data as illustrated in figure 9» 
This procedure, v;hen repeated for the v<ariou3 plate thicknesses, 
conpiles the effect of tin relate thickness on the shear strength 
for various nugget penetrations as shovm in table IV and figure 10. 

The strength and ductility of the iron*-aluninui.i bond care not 
increased, owing possibly to the formation of a brittle compound. 
Tv/o possibilities of this compound for..iation are likely. The tin 
and iron may form the compound 3^cSno v;hich might produce this 
effect. Hov/evcr, since little difficulty is encountered in hot 
dipped tin plate^ this possibility of brittloness is considered 
highly unlikely;-? The second possibility is the formation of a 
brittle iron-aluninum compound. This compound might form at the 
v;elding temperature if the pressure forced the molten tin from 
the welding interface or if the tin v;crc completely absorbed in 
the molten aluminuri. Visual observation of the shear failures 
and microscopic examination of the v/eld interface gave substantia- 
tion to this second possibility since tin was not evident in the 
bond. 

In all cases, in the welding of tin-plated steel to Oakite- 
trcated aluminum, brittle shear t^'pe failures were found. This 
tl^c of failure is due to a combination of low bond shear strength 
and low ductility. Lov/ ductility materials v;ill not yield when 
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sutjoctod to a conccntr-^.tGd stress and thus do not allovj r^. novo 
even distrilDution of stress. As a result, those natcrials allow 
high stresses and high stress gradients to occur and thus failure 
occurs locally and progresses across the load-carrying area. This 
progressive failure effectively lowers the load-carrying capacity 
of the stressed section and results in a shear type failure. 
These progressive failures do not, in general, produce consistent 
tensile results* 

Higher currents produce greater strength for any plate thick- 
ness. This inprovcnent of strength is explained "by the larger in- 
terface area and a 'oettor "bonding per unit area, which results 
from larger nuggets forned loy higher currents. A larger nugget 
produces l>etter unit-area bonding since a larger pool of nolten 
nctal nay renove loy turbulence nore of the aliminun oxide fron 
the plane of the alur.iinun intorfr.ce. 

Welding of aluininun to zinc-iolated steel . - The welding 
investigation of zinc-plated steel to aluninun discloses the 
seno general trends as were noted in tin* (See tables Y and VI 
and figs. 11 and 12j The relative strength and ductility was 
less for the zinc-plated steels. This is possibly due to the 
fornation of nore brittle compounds in the iron-zinc system. 

Welding of al-ominur. to silvor-T)lated steel . - In the in- 
vestigation of the welding of silver-plated stool to Oakito- 
treated aluminum^ it was foiind that as the plate thickness 
increased, the type of failure became nore ductile, figure I3 
shows the general effect of plate thickness on the relationship 
between strength and welding current. The heavy dashed line in 
this figure represents the approximate dividing line between 
ductile tear failure and ductile or brittle shear failure* It 
will be noted that a plate thiclmess of above O.O5 mil produces 
a ductile tear failure if the current is sufficient to produce 
only a little fusion in the aluminum. Considering the welds made 
using specimens vdth thinner silver plates, ductile tear failures 
in the aluminum occur only if a higher current and greater nugget 
penetration are employed. This is revealed by examination of 
tr^le VII, The effect of silver plate thickness on the spot 
shear strength for various nugget penetrations is shovm in figure 
ih and table VIII,. Higher currents, v/hich result in greater 
nugget penetration and heat-affected areas, increase the duc- 
tility of the half-hard aluminum sheet. As a less ductile 
material does not have the ability to distribute the stress over 
a larger area, high stress gradients will result at the bond 
interface. The existence of high stress gradients at the bond 
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interface v;ill, in general, result in lower load-carrying capacity 
and shear type failureo In view of the aliove, the effect of v;eld- 
ing current and nugget size upon the strength and type of failure 
is readily apparent. 

As the thickness of the silver plate increases, a certain 
critical thickness is reached, above which complete solution of 
the silver in the molten aluminum nugget does not occur during 
v/elding. Jigure 15, a photomicrograph at lOOCX of the weld inter- 
face, confirms the presence of this thin silver film v/hich insures 
the a.TDsence of any "brittle iron-aluminum compound formationo Henc( 
the resultant weld exhi"bits a ductile tear failure* The slight 
increase in weld strength as the current rises is undoubtedly due 
to the decreased stress gradients and increased ductility caused 
by the greater welding current. 

Silver has been found in this investigation to be very satis- 
factory as an interface metal between iron and aluminum. Silver 
plate thicknesses greater than the critical thickness produce con- 
sistent, teo.r type failures with a minimum amount of fusion occur- 
ring in the aluminumo This results in stronger v/elds and less 
aluminum pickup on the v/elding electrodes as less aluminum is 
heated to a temperature where recrystallization and alloying with 
the copper electrodes can occur. 

yielding of aluminum to cop'oor-^-olated steel c - The results of 
v/elding of aluminum to copper-plated steel, shov/n in tables IX 
and X and figures l6 and IJi were somewhat similar to that of 
silver. As the plate thiclcness increased, the type of failure 
became more ductile* Microscopic investigation proved that only 
the 0.05-mil plate was entirely absorbed during the v/elding. The 
thicker copper plates, however, gave a more limited range of duc- 
tile tear failures and generally less consistent welds tha^n did 
the silver plates. This may be explained by the formation of the 
brittle theta phase (CuAln)* Brittle shear and ductile shear 
failures consistently occurred at the copper-aliiminum interface 
in the thicker plates. As the plate thickness increases, the 
current necessary for v;elding increases much more rapidly for 
copper than for silver, although both metals have like thermal 
and electrical conductivities. Differences in the grain struc- 
tures of the plated metal might account for this anomaly. 

Welding of aluminum to nickel--plated steel. - The results 
as shown in tables XI and XII and figures IS and 19 indicate that 
only shear type failures are obtained v/hen welding aluminum to 
nickel-plated steel. However, the shear type failures become 
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more ductile as the nugget penetrations increase, undoubtedly "be- 
cause of the effect of che higher currents on the softening of 
the aiixiDixr.-.m sheeto The heav/y dashed li.nes in the figu.ret^ indicate 
the appro-xiiiiate dividing line between ductile and brittle shear 
failureso Miuroscopic examination shovjed that nickel was only 
slightly dif'.solved during v/elding oven in the thinner plates<^ 
"Visual examination of the shear failures Indicated tha,t fracture 
occurred at the aluminuiiir-nickel interface^ This indicated the 
presence of a somev\rhat hrittle alumimini-nickel phasco 

Welding of alu minv im to ch romium^plate d steel o - Slight expul-- 
sion of aluminum from the weld interface was consistently ohserved 
when welding alujninum to chromiunv-plated steel. This expulsion is 
due to the largo amount of hoat produced hy the abnormally high 
contact resistance of chromium* 

The results of the welding of aluminum to chromium-plated 
steel are shown in tables XIII and XIV and figures 20 and 21* 
Shear type failures resulted in all eposes, hut as the plate thick- 
ness increased and as the nugget penetration increased^ the failures 
"became more ductile.. Chromium was not appreciably disso"lved during 
welding and failures occurred at the aluminum-chromium interface* 
indicating the formation of a somewhat brittle aluminum'-chromium 
compound* 

Welding: of aliiminum to ca^dmiurn-iolated steel> - With respect 
to the tensile strength and character of fracture, cadmium plates 
appear better than tin and zinc plates but not so satisfactory as 
silver and copper plates: The strength and fracture characteristics 
are given in table XVj while figure 22 shoz/s the current-strength 
relationshipsc Table XV"!! and figure 23 show the effect of plate 
thickness on shear strength for various nugget penetrationsc If 
the cadmium interface had remained in placoj the v/elds should have 
possessed properties similar to the welds made with a silver inter- 
face. Hov/ever, owing to the low melting point of cadmiiim and the 
v/elding pressure used, it was found that the molten cadmium was 
ejected from the weld interface and some direct alloying of iron 
and aluminijm occurred* This^ of course, would result in the pro- 
duction of a more brittle weld* 



Conclusions of Part I - Bonding of Aluminum to Steel 

le A third metal is necessary to effect a satisfactory bond 
between aluminum and steel, since no satisfactory method of joint- 
ing these tw^o metals has been founde 
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2. Electroplating of the third metal to the steel is the 
most satisfactory method of applying the interface metal. 

3. The surface treatment of al-uminum in preparation for 
welding must receive the sam.e carefuD. attention as is required 
for the spot vrelding of the structural alumin\;jn alloys,. 

Tin and zinc when used as the third metal produce only 
iDrittle v/eldse 

5, Nickel, chromium, and cadmium have only a very limited 
range of moderately satisfactory;" welding conditions. 

6. Copper is more satisfactory than the metals previously 
mentioned hut requires very high currents for weldingc Further- 
more, the consistency of strength and the ra-nge of plating thick- 
ness and welding current in which ductile welds can "bo produced is 
limited^ 

7* Silver is the most satisfactory third metal to accomplish 
the tending of aluminum to steel. High strength, ductile wolds 
can "be produced over a v/ide range of welding current and plating 
thicknesso 



II o WELDIITG or ALUMIFJM TO SAE klkO STE-EL 
Introduction 



The problem of spot v/elding aluminum to steel was solved "by 
silver plating the steela This section of the report considered 
the further prohlcms incident to the hardening of the SAE klhO 
steel as a result of welding, and the actual seam welding of alu- 
minum fins to SAE klkO cylinder "barrels* 



Metallurgical and Welding Considerations 

At the present time, airplane cylinders arc made of SAE UlUO 
steel which has "been heat-treated to a hardness of ahout 320 Vickers 
(Rockwell C-35)« This hardness corresponds to a heat treatment of 
oil quenching follov/ed "by a 1250^ P draw and thus this steel can 
he considered to "be relatively soft and tough. If this steel were 
to he welded hy ordinary welding processes - that is, hy fusion or 
pressure-plastic processes - the steel would he raised ahove its 
critical teirrperature (Ae3-l^il5^ F; Aei-1365'- E) and the resulting 
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cooling rate after welding would produce a weld martensitic in 
character* While this might not he too detrimental in many appli- 
cations where tempering treatments can be applied, it is highly 
undcsirahle under the service conditions existing in an airplane 
cylinder where fatigure and impact stresses are likely to he very 
high and the drawing operations after welding likely to he diffi- 
cult* It is therefore ohvious that a highly specialized method of 
joining must he utilized* 

It is readily apparent that if this silver-plated steel could 
he joined to the aluminum at a temperature well hclow the critical 
temperature, that is, 13^5^ ^> the danger of the martensitic form.a- 
tion would never occurj^ as austenite would not he formed* As pure 
aluminum melts at 1218 F and a 5-porcent silicon alloy at a tem- 
perature of approximately 1150^ there exists the possihility of 
a metallurgical hond hcing formed without actually heating the 
steel to its critical teniperature. 

In the investigation of the honding of alumin-um to steel, the 
materials were of like thickness, O.OUO-inch 3^ half-hard aluminum 
heing v;elded to plated 0,037-"inch rimming steel. Because of weight 
considerations, the proposed aluminum fin thickness is O.O3O inch, 
while the design thickness of the SAE hlhO cylinder harrcl avail- 
ahle for use in this investigation from a previous investigation 
for Pratt & I^hitney Aircraft, was 0«090 inch. Since the resistiv- 
ity of steel is greater than that of aluminum, as the ratio of 
steel thicloiess to total thickness increases, the ratio of steel 
resistance to total resistance increases rapidly. This will cause 
a major portion of the heat to he developed in the steel, and thus 
vastly increase the possihility of heating the steel ahove its 
critical temperature during weldings 



Experimental Procedure 

G-eneral asTiects o - Even though seam welding of aluminum fins 
to chrome molyhdcnum cylinders was the goal, spot welding was 
selected for the study of the martensitic formation in the SAE 
UlUO. This decision wa,s made in order to eliminate as many var- 
iahles as possihlOo When the solution to this prohlem was found, 
it would he a natural step to apply it to the seam-welding opera- 
tion» 

Preparation of the steel for clcctroplatinfi: . - In cleaning 
SAE klhO steel hefore plating, it was discovered that the surface 
ohtained hy pickling with the usual commercial pickles was 
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unsatisfactory since woll adheront silver plates were not ol^tainod. 
Two solutions to this prol^len wore discoverodo In one method, the 
steel was vapor degreased with trichloroethyiene and then elcctrolyt- 
ically polished and etched hy means of the following TDath: 

Perchloric acid (sp<. gr. Ic6l 65 percent) - 1S5 cubic centimeters 

Acetic anhydride - 7^5 culDic centimeters 

Water ^ 50 culDic centimeters 

Aluminum - 0,5 percent 

This tath was operated under the follov/in^j; conditions^ 

Teiirperaturo - 70^ to SO^ F 

Anode current density - U5 amperes per square foot 

Time of treatment - 5 minutes 

This electrolytic polishing and etching was followed "by water 
rinsing and immediate platin^^o In the other method, vrhich gave 
equally satisfactory results, the surface was mechanically cleaned 
v;ith emery papers down to grit IToe 0, vapor degreased vrith tri»- 
chloroothj^lene, wiped clean, again vapor degreased, and finally 
platedc 

In commercial pro(?uction, cleaning of the steel v;ould "bo no 
prohlem, since well adherent silver plates can he deposited on 
freshly machined, grease-free surfaces o 

Silver v/as plated on the SAE hlkO steol as descrihed in part 
I of this report. The host results in the welding of aluminum to 
silver-plated rimming steel were obtained hy using either Oc 25- or 
Co50-mil plate thickness* The Oo25~mil silver plate thickvLe?s 
chosen instead of Or50-mil, since it v/as cheaper and quicker bo 
apply. 

Pre-paration of the aluia i num for vjeldin^i e - During the funda- 
mental investigation of the "bonding of alurainum to steel, new "baths 
v/cre "being discovered for the removal of the oxide film from the 
surface of aluminum prior to welding. 

T\'70 surface treatments developed by the Aircraft Spot Welding 
Research at Rensselaer Polytechnic Institute v/cro used* 

Solution 5 (reference S), v/hich required 6--minutes treating 
time at ISO^ F consisted of 2 

E2S04(sp. gr* le24-, 9S H2SO4) - 10 cubic centimeters per liter 

(active ageiit) 

Nacconal NR - 2 grams per liter (v/etting agent) 
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Solution Ik (rofcronce 9), which roq.uired S-ninutcs treating 
time at room tonrpGraturo, consisted of: 

HsSiPe (27 to 30 percent) - 3*0 percent volune or I.IS percent 

weight 

ilacconal NR - 0.1 percent 

With "both of these solutions, consistent lev: contact resist- 
ances from 2 to 5 microhms v/ere obtained. Prior to surface treat- 
ment, the aluminura was vapor dogrcased with trichloroothylcnc, 
v/iped clean, and again vapor degreasodo The results of a typical 
contact resistance run with solution 5 ?-3:e shown in talDle XVII and 
fip-ure For these resistance laeasurcmcnts Oo03C>-inch specimens 

of' Alcoa No. 1 Brazing sheet v;ore used, v.'hich consisted of 3S half- 
hard composition clad on one surface with a y-perccnt thickness of 
a 5-percont silicon alloy. Since these solutions gave very low 
contact resistances over a vrider range of treating time, they v;erc 
used in preference to Oakite SU-a, used for the earlier work. 

Detailed welding; -proceduro . - In order to avoid hardening 
and even reinelting of the SAE klkO steel during welding, several 
procedures were investigated, v/hich are descril>od in the following 
paragraphs. 

(1) Use of longer yielding times . - Tlie first procedure in- 
vestigated was the use of longer welding times, since it was 
thought that the lower temperature gradients which result from 
this method vrould lessen the possihility of heating the steel 
ahovc its critical transformation temperaturoc 

(2) Use of iproheating and -postheatin^s: . - If the steel were 
preheated in the range of 6^0^ to 750^ F, and maintained at tem.- 
perature during the welding operation and shortly thereafter, the 
portions of the steel which had iDccome austenitic during welding 
could only transform to hainitc upon coolingo According to the 

S curve for SAE klkOj figure 25, the l)ainite, formed hy isothermal 
transformation in the temperature range from 650^ to 750^ would 
have a Rock\^7ell C hardness from US to UO and v/ould Tdc tough. This 
compares favoratily v/ith the original hardness of the cylinder bar- 
rel, iRockwell C-35, and is far superior to the "brittle martencitic 
zones of Rockv;ell C-60 hardness. The S curve indicates that a 
holding time from I50 to 25O seconds is necessary for complete 
transformation. 

To test this procedure, silver-plated SAE klkO steel speci- 
mens were preheated to 700^ E and rapidly welded to aluminum, after 
v/hich the welds were imediatoly postheated at 700^ E for 3 minutes. 



(3) Use of a lovror neltin^.^ point aluninum a lloy > - If a 
lower molting point aliiminum alloy wore woldod to the silver- 
plated steolf olDviously lov/er ternperatures v/ould Tdo attained in 
the steel during the process. A lov/ering of 50*^ to 100^ P in 
the necessary "bonding tcirrperature might eliminate martensite formar- 
tion in the steel. The fins could "be fabricated entirely from an 
aluminum "brazing alloy or from 3S half-hard al^jminum clad with the 
"brazing alloyo The latter is preferable for a fin material on the 
"basis of its higher thermal conductivity c 

To test the effect of a lower melting point aluminum alloy, 
Oc030-inch specimens of Alcoa No, 1 Brazing sheet (3S half-hard 
clad on one side with a 7-pGrcent cladding of a 5'-percent silicon 
alloy) were welded to silver-plated OcOgO-inch SiAE UlUO. 

(U) Use of a stai nl ess s teel insert s - In order to supply 
more heat to the aluminum and develop less heat in the steel, an 
IS Cr S Ni stainless steel insert might be utilized as illustrated 
in figure 26« Since austenitic stainless steel has a higher elec- 
trical resistivity than plain carbon or SAE UlUO alloy steel, pas- 
sage of current during welding would heat up the stainless steel 
insert and s^jpply extra heat for the fusion of the aluminum. The 
difficulty of securing proper fusion at the almiinum-silvor inter- 
face is largely due to the rapid heat extraction from the high 
conductivity aluminum through the copper electrode. Hot only would 
the low thermal conductivity stainless steel insert prevent this 
heat extraction, but, in addition, it would tend to supply heat by 
conduction to the aluminumj, assisting in proper fusion of aluminum 
at the silver interface. By assisting in supplying proper heat 
for the fusion of aluminui-i, an insert of proper thickness might 
bo expected to produce the necessary heat by a current of imch a 
value that proper bonding of the aluminura could be obtained a,nd 
martcnsitic formations avoided in the steel. 



Discussion of Results 

Avoidance of martensitic formations in SAE klkO . - In the 
spot welding of 0.030«inch aluminum to silver-plated SAE klkO 
steel, martensitic formations and even remelting were found in the 
steel. A small martensitic zone is illustrated in figure 27 in a 
photomacro graph at ISXc The indentations resulted from a Vickers 
hardness survey, which is also shown in figure 27, indicating a 
maximum hardness of YTll 7OO (Eock^.^/ell C-60). 
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The usG of longer welding tines did not solve the problem of 
the avoidance of marLensitic formations. It v/as found that even 
with v/elding tines as long as 25 cyclesr martensite was obtained 
almost to the same extent as with 5 cycle v;elds. Even though the 
use of longer welding tines resulted in shallow temperature gra- 
dients, large portions of the steel were still "being heated above 
the critical temperature and thus hardened. S\irthermorc, longer 
welding times are objectionable since they are less adaptable to 
scam weldingo 

When x^relds v;ero made with preheating and posthoating at fCO^ P, 
as indicated by the S curve, the heat affected zones of the SAE 
hike consisted of a bainitic structure with a Rockwell C hardness 
of 47*5 (vl^N 505)- Although this procedure avoids the formation 
of martensite, it is objectionable from the standpoint of easy fab- 
rication. Although silver-plated surfaces are not affected at 
these teniperatures, the formation of oxides on the aluminum sur- 
faces a,rc detrimental to consistent welding* 

The use of a lov;er melting point aluminum alloy lowered the 
necessar;;^'- bonding temperature and thereby lessened the heating of 
the SAE hlhO steel above the critical temperature^ As is shown 
in table XVIII , at the m^aximum current v/hich just avoided martens*- 
itc in the SAE klkO, the welds made by use of the brazing clad 
material are far superior to that made by use of unclad 3S half- 
hard. However^ this procedure cannot be considered the solution 
to the problem, since the maximum wold properties could not be 
attained without forming martensite in the steel. 

Under proper conditions, the use of n, st?vinless steel insert, 
to supply extra heat for the fusion of the aluminiiii, resulted in 
the avoidance of nartensitic formations in the SAE klkO steela 
The correct welding conditions resulted when a proper balance was 
obtained between two variables? the thickness of the stainless 
steel insert, and the v/elding timoc Three thicknesses of stainless 
steel were cxamincds O0CO6, 0.011, and O.O23 inch; v/hile four 
welding times were investigated.' 3? 5* 10, and 23 cycles. The 
results of these tests arc shown in table XIX. Because short 
welding times rapidly develop a large a-mount of heat in the stain- 
less steel, objectionable a-lloying action v/as noted at the aluminum- 
stainless steel interface. With long welding tines, the tendency 
for martensite to form in the SAE klkO became evident. The long 
v;elding time p-llov/ed the heat developed in the stainless steel to 
flow through the aluminum and add to that developed in the SAE 
UlUO. Since the minimum bonding temperature of the aluminum- silver 
interface is somev/hat above 1220^ E, the melting point of aluninum^ 
the possibility of martensitic formation is greatly increased. 
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VJith tho OoOOS-inch stainless steel insert, not quite enough heat 
was developed at the aluminum-silver interface for proper hondingo 
Hov;over, this was not the case with the thicker inserts, and the 
OoC23-inch stainless insert developed so niach heat that aluminum- 
stainless steol alloying occurred. The best conditionst which 
avoid "both martensitic formations in the steely and alloying of 
of aluminuja with the stainless steelj, were found with ^-cyclc 
v/elds using an 0.011-inch stainless steel insert. 

The seam vjeldin^-n: of fins to t he SiJl. ^llUO cylind er harrolg. - 
In order to show that the results obtained from the investigations 
previously described in this report could be applied to an actual 
bonding of aluminur^ fins to an SAE klkO cylinder barrel, an exper- 
imental arrangement vjas prepared to ma,ke these v/elds to a cylinder 
barrel in a seam-welding machine^ The laboratory was fortunate in 
having in its possession a cylinder barrel and a number of fins 
which had been supplied by tho Pi-att & VvTiitney Aircraft Corpora^- 
tion for some previous experiments in this field. Individual fins 
made from the ilo* 1 Brazing sheet had been punched out and formed 
bo fit over the machined cylinder barrel, with the brazing alloy 
surface in contact with the cylinder. barrel© 

Tho results of tho investigation for the avoidance of mar- 
tensitic formations in the klkO steel v;ere applied to seam 
weldingo Per this operationp v/hich was carried out on a Federal 
175^kilovo It-amp ere sear>-welding machineg it was decided to v/eld 
brazing clad 3S half-hard fins to the barrels eniploying a stain- 
less steel insert, as shown in figure 2So The 0.011-inch stain- 
less steel insert had to be bent on an angle to avoid accidental 
current flov; from the side of the welding electrode to the adjacent 
portion of the fin-,' YJhen this accidental short-circuitin;; o^".C'i.i:. 
so much current vras diverted that unsatisfactory v/elds v/ere obtained;> 

Proper conditions v/ere determined for this seam-welding opcra- 
tion*. It was found that satisfactory overlapping spot v/elds could 
be m::.de at a wheel speed of SO inches per minute using a seam- 
welding seq.u.ence of 5 cycles on, 2 cycles off, the value of sec- 
ondary current being 2600 amperes for an electrode pressure of 
SOO pounds* The electrodes consisted of a 6-inch diameter wheel 
over which tho barrel fitted and a 9-inch diameter seamr-wclding 
wheel v/ith l/o-inch width of contact. No external water spray was 
used. 

Difficulty v/as experienced v;ith mechanical alincment of the 
aluminum fin and the stainless steel insert. Proper jigging would 
overcome this difficulty fcr commercial adaptation. Possibly a 
copper alloy seam-welding wheel with a stainless steel tire might 
be substituted for the insert. 
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In fi^^are 29, photographs of a seam-welded cylinder "barrel 
are exhilDited. This cylinder barrel is "bcin^- forwarded in a 
separate enclosure with this report to the xIACA, It is hoped 
that a thermal efficiency test and such other tests as may Tdo 
desired "by the NACA Power Plants Committee may "be made on this 
cylinder barrel, A probable criticism of the v/elded cylinder bar- 
rel is that the fins are not sufficiently close together for maxi- 
mum efficiency. With the fins and facilities available for this 
investigation closer spacings were not feasible. In a commercial 
application of this method, closer spacin.;; could be achieved* In 
a commercial installation it might rilso be preferable to use the 
fin material in the form of a continuous length wound spirally 
and v/elded without interruptionc 



Summary and ConclusionG of Part II 

Welding of Aluminum to SAE klkO Steel 

The following paragraphs summarize the accomplishments of 
the second part of this investigation. 

1. The avoidance of mar'joncitic formations in the cylinder 
barrel steel vras acconiplished by use of a sufficiently lev; irreld- 
ing current to avoid the development of too much heat in the steel. 
This was made possible by supplying a part of the heat for the 
fusion of the aluminum by means of a high resista,nce insert between 
the electrode and the aluminum, surface, 

2. A welding machine was adapted and used in v/clding r-lu- 
minum fins to a cylinder barrel Thi^: nat?.cs possible a st^j.dy of 
the cooling effi:;.iency of such a combination, although the avail- 
able fins were not properly designed bo permit as close a spacing 
as might be desired^ 

COlICLUS IOi MS FOR COMPLETI] HIlPOH T 

lo Silver is the most satisfactory metal for electroplating 
steel cylinder barrels to perrdt the bonding of aluminum finso 
The optimum plating thickness is 0,25. mil* 

2. Careful attention to the silver-plating technique, as 
outlined in this report, must be given since the strength and 
permanence of the bond depends to a large extent upon the perfec- 
tion of the bond secured during the plating operation* 
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3o The "bonding of al-ojninum to SAE klkO stool nay "bo accom- 
plished "below the critical tonperature for this steel. Thus, 
o'bjectiona'ble rehardoning during welding is avoided* An 0.011- 
inch stainless steel strip "between the electrode and the aluminum 
provides a proper heat talance, 

A searr^wclding machine can be used for automatically 
iDonding a flanged continuous aluminum strip to a silver-plated 
steel cylinder barrel during the winding of this strip in the form 
of a close spiral over the surface of the cylinder ;> 
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TABLE I 

Oontaot ReslBtanoo MeaBurementa 



TABLE II 

EFFECT OF TIN ON THE ^^ELDTNG OF ALUMINUM TO STEEL 



Stock - 0.040" 3S half hard 
Treatment - Oaklte 84a, 6 oz. / gal. 180®F. 
4" radlufi done tips 
1000 lbs. presoure 



Time of 
Treatment 
Mlnutee 



0 
2 
3 
4 

5 

6 
10 



Contact 
Reelfltanoo 
Meaeurcmonts 
Microhms 



over 1000 
95, 99, 103 
98, 107, 101 
109, 96, 98 
105^ 98, 102 
103, 100, 110 

160, 146, 154 

TABLE IV 



Average 
Contact 
Rosletance 
Microhms 



over 1000 
99 
102 
101 
102 
106 
153 



Effect of Tin Plate Thickness 
on Spot Shear Strength 
for Various Nugget Penetrations 



Welding 
Current 
Amperes 



15,200 
15,700 
16,100 
16.600 



15,600 
16,300 
1G,700 
16,900 



16,000 
16,300 
16,600 
16,800 



15,800 
16,200 
16,600 
17,000 



Spot Shear 
Strength 
Po^^ds 



Type of 
Failure 



Aluminum directly to Steel 



310 
340 
440 
470 



33 
BS 

B.3 
BS 



Tin Plate Thickneee-0.025 mil 



150 
240 
380 
410 



BS 
BS 
BS 
BS 



Tin Plate Thioknesn-COe mil 



120 
140 
430 
460 



BS 
BS 
BS 
BS 



Tin Plate Thiokne8B-0.125 mil 



70 
90 
290 
360 



BS 
BS 
BS 
BS 



Nugget 
Penetration 
Percent 



40 

60 
60 
75 



10 
16 
60 
60 



16 

25 
90 
96 



16 
20 
60 
90 



> 
n 
> 



0) 



(D 



Nugget 

Penetration Average Spot Shear Strength in Pounds 

■ ^'^rQ^nt — fgg the following Plate Thicknesses in Mils 



Tin Plate ThioknesG-0.25 mil 





.000 


.025 


.050 


.125 


.260 


.600 


20 


170 


160 


116 


90 


126 


176 


40 


290 


250 


215 


180 


216 


276 


60 


376 


325 


300 


270 


306 


375 


60 


430 


400 


366 


360 


390 


460 


100 


460 


460 


466 


460 


476 


640 



16,800 
16,200 
16,600 
17,000 



16,000 
16,400 
16,800 
17,200 



60 
80 
220 
430 



BS 
BS 
B3 
BS 



Tin Plate Thickness-O.GO mil 



40 
170 
340 
490 



BS 
BS 
BS 
B3 



2 
10 
60 
76 



2 
30 
60 

96 



Note: 



All values represent average of 3 
specimens 
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TABLE III 

Effect of Nugget Penetration on Spot Shear Strength for 
Aluminum Welded to Tin Plated Steel 
0.125 mil Tin Plate ThlcknoBs 



Nugget 
Penetration 
Percent 



Spot Shear 
Strength 
Pounds 



2 


20 


10 


40 


10 


110 


16 


60 


SO 


70 


SO 


160 


40 


180 


60 


310 


70 


260 


90 


380 


00 


400 


96 


450 



TABLE V 



EFFECT OF ZINC ON THE WELDING OF ALUMINUM TO STEEL 



Welding 
Current 
Ajnoeree 



151200 
15,700 
16,100 
16,600 



16,500 
16 800 
17,100 
17,400 



16,600 
17,000 
17,200 
17,400 



17,200 
17,500 
17,800 
18,000 



Spot Shear 
Strength 



Type of 
Failure 



Aluminum directly to Steel 



310 
340 
440 
470 



6S 

BS 
BS 

BS 



Nugget 
Penetratlo 
Percent 



40 

50 
60 
75 



Zinc Plate Thlckne88-0.05 mil 



430 
430 
470 
430 



BS 
B8 
BS 
BS 



Zinc Plate Thlckne86-0.125 mil 



310 
370 
420 
460 



BS 
BS 
BS 
BS 



Zinc Plate Thlclcne00-O,26 mil 



170 
230 
190 
320 



BS 
BS 
BS 
BS 



75 
80 
60 
75 



40 
75 
60 
60 



1 

10 
10 

so 



Zinc Plate Thlckness-0.50 mil 

18,600 390 BS 60 

19,000 400 BS 76 

19,300 430 BS 80 

19,400 400 BS 70 



TABLE VI 



TABLE VII 



Effect of Zlno Plate Thlokness 
on Spot Shear Strength 
for Various Nugget Penetrations 



Nugget 

Penetration Average Spot Shear Strength In Pounds 

Percent £^ follovln ? Plate Thloknessefi XSL Mils 





.000 


.050 


.125 


.250 


.500 


20 


170 


260 


285 


295 


305 


40 


290 


340 


345 


350 


35S 


60 


375 


396 


395 


400 


400 


60 


430 


435 


440 


440 


440 


100 


460 


470 


470 


470 


470 



TABLE VIII 

Effect of Sliver Plate Thickness 

on Spot Shear Strength 
for Various Nugget Penetrations 



Nugget 

Penetration Average Spot Shear Strength In Pounds 

Percent Igr jihe, following Plate Thloknesses in Mile 



EFFECT OF SILVER ON THE V/ELDINCJ OF ALUMINUM TO SiTEEL 



Welding 
Chirrent 
Anmeres 



15,200 
151700 
16,100 
16,600 



16,000 
16,400 
16,700 
17,100 



16,600 
17,000 
17,500 
18,100 





•000 


.050 


.125 


.250 


.500 


16,800 
17,400 
17,800 
18,300 














20 


170 


450 


455 


460 


535 


40 


290 


500 


500 


535 


555 




60 


375 


525 


525 


570 


580 




80 


430 


550 


545 


580 


595 


18,400 
18 900 
19,400 
19,800 


100 


460 


550 


555 


590 


600 



Spot Shear 
Strength 
Pounds 



Type of 
F^ll^ 



Aluminum directly to Steel 



310 
340 
440 
470 



BS 
B8 
BS 
BS 



Nuggiet 
Penetration 
P^rg^nt 



40 

50 
60 
75 



Silver Plate Thickne8s-0.05 mil 



360 
490 
540 
560 



BS 
D8 
DT 
DT 



Silver Plate Thlokne88-0.125 mil 



520 
520 
550 
540 



DT 
DT 
DT 
DT 



Silver Plate ThickneQs-0.250 mil 



470 
490 
530 
570 



DS 
DT 
DT 
DT 



Silver Plate Thlckneas-0. 5 mil 



570 
570 
590 
590 



DT 
DT 
DT 
DT 



30 
40 
50 
70 



40 
40 
70 
80 



10 
30 
60 
60 



50 
50 
60 
60 



TABLE IX 



EFFECT OF COPPER ON THE WELDING OF ALUMINUM TO STEEL 



Welding Spot Shef>T Nugget 

Current Strength Type of Penetration 

Amperee Pounds Failure Percent 



Aluminum directly to Steel 

16; 200 310 BS 40 

15^700 340 B3 50 

16,100 440 BS 60 

16,600 470 BS 75 



Copper Plato Thiokness-0.050 mil 

16,900 230 BS 25 

17.200 240 BS 40 

17,800 290 B3 60 

18,1500 480 B3 90 



Copper Plate Thiokne 88-0.125 mil 

181000 180 BS 30 

18,500 270 B3 20 

18,800 320 BS 70 

19,200 480 Mf 80 



Copper Plate Thickne a 8-0.250 mil 

191200 420 BS 30 

19,900 490 BS 40 

20,600 530 DS 50 

21,400 560 DT 70 



Copper Plate Thickne a 8-0.50 mil 

21,400 460 BS 20 

22,300 480 DS 25 

23,200 640 DT 40 

24,800 570 DT 50 
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TABLE XI 



EFFECT OF NICKEL ON THE WELDING OF ALUMINUM TO STEEL 



Welding Spot Sftiear Nugget 

Current Strength Type of Penetration 

Ampere 8 Pounds Failure Percent 

Aluminum directly to Steel 

15,200 310 BS 4C 

15,700 540 BS 50 

16,100 440 BS 60 

16,600 470 BS 76 



Nickel Plate Thiokne a 8-0.050 roil 

14,900 170 BS 35 

16,300 370 D3 60 

15,700 470 DS 78 

16,100 620 DS 95 



Nickel Plate Thickne8e-0.125 mil 

14,700 200 BS 35 

15,100 S20 BS 55 

15,400 550 BS 40 

15,700 430 DS 70 



Nickel Plate Thicknee8-0.250 mil 

14,600 210 BS 35 

16,000 500 BS 46 

16,100 440 BS 70 

16,400 490 DS 80 



Niok^ Plate Thickne 88-0.60 mil 

15,000 150 BS 50 

16,400 520 BS 70 

15,700 480 DS 90 

16,000 470 DS 90 
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TABLE X 

Effect of Copper Plate ThlckneBs 

on Spot Shear Strength 
for Various Nugget Penetrations 



TABLE XIII 

EFFECT OF CHROMIUM ON THE \*ELDING OF ALUMINUM TO STEEL 



Nugcet 

Penetration Average Spot Shear Strength In Pounds 

^^^^^^^ Ihe f Ql^QVTlng Plate Thlokneflflee In ^1 j 





.000 


.050 


.125 


.250 


.500 


20 


170 


160 


190 


290 


450 


40 


290 


275 


300 


490 


550 


60 


375 


360 


360 


540 


575 


60 


430 


430 


440 


676 


580 


100 


460 


475 


460 


590 


590 



Nugget 
Penetration 
Percent 



TABLE XII 

Effect of Nickel Plate Thlckneee 

on Spot Shear Strength 
for Various Nugget Penetrations 



Average Spot Shear Strength In Pounds 
lor tiie following Plate Thicknesses jji Mils 





.000 


.050 


• 125 


.250 


.500 


20 


170 


120 


120 


120 


120 


40 


290 


240 


240 


240 


240 


60 


375 


365 


365 


365 


360 


80 


430 


475 


475 


470 


470 


100 


470 


530 


530 


530 


530 



Welding 
Current 



151200 
15,700 
16; 100 
16,600 



18,600 
19 300 
20,000 
20,700 



18,600 
19,300 
19,900 
20,700 



18,600 
19,300 
19,900 
20,600 



18,400 
19,000 
19,800 
20,400 



Spot Shear 
Strength 
PoundB 



Type of 



Aluminum directly to eteel 



310 
340 
440 
470 



BS 
BS 
B3 
BS 



Nugget 
Penetration 
Percent 



40 

50 
60 
75 



Chromium Plate ThlckneBs-0,050 mil 



320 
340 
350 
450 



BS 
BS 
BS 
BS 



Ohromlum Plate Thlckness-0,126 mil 



350 
360 
450 
420 



BS 
BS 
BS 
DS 



Chromium Plate Thlokne6s-0.250 mil 



370 
440 
460 
470 



BS 
BS 
BS 
DS 



Chromium Plate Thlckness-0.50 mil 



430 
470 
470 

500 



BS 
DS 
DS 
D3 



40 

50 
60 
95 



40 
45 
70 
70 



40 
45 

70 
80 



35 
40 
40 
50 
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TABLE XIV 

Effect of Chromium Plate Thickness 

on Spot Shear Stren(3:th 
for Various Nugget Penetrations 



Nugget 

Penetration Average Spot Shear Strength in Pounds 

Peii^Qent f^or the following Plate ThlckneBRea in M^Tb 





.000 


.050 


• 125 


.250 


.500 




170 


175 


175 


240 


275 


40 


290 


290 


300 


370 


460 


60 


375 


375 


390 


450 


530 


80 


430 


430 


460 


505 


560 


100 


460 


460 


515 


550 


580 



TABLE XVI 

Effeot of aadmiura Plate Thickness 
on Spot Shear Strength 
for Various Nugget Penetrations 



Nugget 

Penetration Average Spot Sheer Strength in Pounds 

- -Percent — for the following Plate Thickneaaefl in Mils 





.000 


.050 


.125 


.250 


.600 


20 


170 


115 


190 


230 


186 


40 


290 


285 


335 


346 


340 


60 


375 


415 


435 


410 


440 


80 


430 


480 


510 


470 


495 


100 


460 


525 


550 


526 


525 



TABLE XV 

EFFECT OF CADMIUM ON THE WELDING OF ALUMINUM TO STEEL 



Welding Spot Shear Nugget 

Current Strength Type of Penetration 

i^TO^r^s Pounds Fallxxre Percent 



Aluminum directly to Steel 

15,200 310 BS 40 

15^700 340 BS 60 

16,100 440 BS 60 

16,600 470 BS 75 



Cadmixim Plate Thlcknes 8-0.05 mil 

14,900 40 BS 10 

15,400 190 BS 30 

16,200 330 BS 60 

16,600 460 DS 70 

16,900 620 DS 95 



Cadmium Plate Thlckne 8 8-0.125 rail 

15; 400 120 BS 10 

15,800 340 BS 50 

16,400 490 DS 70 

16,700 640 DS 90 



Cadmium Plate Thlckness-0.25 mil 

15,400 360 BS 60 

16,000 400 BS 50 

16,400 480 DS QO 

16,700 500 DS 95 



Cadmium Plate Thlckne8s«0.50 mil 

16,800 210 BS 40 

16,200 420 BS 60 

16,600 470 DS 60 

17,000 500 DS 75 
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TABLE XVII 

Contact RealBtance Measurements 

Stook-O.OSO*' 33 half -hard cled with 
4^f> silicon brazing alloy 
(aliimlnum fin material; 

Treatment-Solution #5, Sulfuric Acid (cone) - 10 ml. /liter 
Naoconel NR-2g. /liter, pH-.l,05, temperature-} 50*=* F 

4" radlufl dome tips 

1000 ibfl, pressure 



TABLE XVIII 
Effect of Brazing Alloy Cladding 
on Spot Welding of 0.030" 3S half -hard to 0.090'' 3AE 4140 
Electrode 8-4* R dome in contact with alximlnum 
1-1/4" flat In contact with steel 
No Stainless Steel Insert Used 
Weld Pressure 800 lbs. 
Weld Time 23 cycles 



Time of 
Treatment 
Minutes 



2 
4 
6 
8 
16 



Arerage Contact Reslstance-Mlorohms 



33 half-hard surface 
over 1000 
16 

3.7 
4 

7.7 



Brft?lr\g flllQy syyf ac? 
oyer 1000 
14 
3 
2 

3.7 
5.3 



Minimum Current for 
producing fusion In 
aluminum 



Maximum Current for 
avoidance of martenslte 
In SAE 4140 



Properties of welds 
Dade at 11,800 amps. 

Spot Shear Strength 

Nugget Penetration 

Type of Failure 



Welds made Velds m^de with 
with 33 33 ha If -hard clad 

half-hg/-d with brazing allov 



11,000 amps. 10,500 amps. 



11,600 amps. 



320 lbs, 
B.S. 



11,800 amps. 



475 lbs. 
10^ 
D.S. 



cr 



CD 



00 



ON 



37 



TABLE XIX 

^ Effect of Welding Time and Stainless Steel Insert Thickness 

7 ' on Spot Welding of 

0.030" 3S half--hard to Silver Plated 
0.090" SAE 4140 
Stainless Steel Insert Thickness 
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hefore maximum forming steel-aluminum 

honding occurs conditions alloying 

23 cycle Martensite 
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Figs. 7,15 




^ ^ Aluminum 



Steel 



Figure 7.- Photomacrograph of aluminum welded to steel. 

Etched with 1,5 percent HF. Black area in 
aluminum sheet is the fused zone or weld nugget. izx 




Figure 15.- Photomicrograph of weld interface. Aluminum 

welded to 0.25 mil silver plated steel.. lOOOX 
polished, unetched. 
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EFFECT OF SILVER PLATE 
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SOLUTION NO. 5 
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NACCONAL NR 2^/^^-^^^ 

PH 1.05 fSOT 

4" R DOME TIPS 
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Figure 28.- Seam welding of fins to S.A.E. 4140 
cylinder tarrel. 




Figure 29.- Photographs of seam welded cylinder barrel. 



